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Introduction
Alumina/silicon carbide nanocomposites (alumina polycrystals containing small fractions of sub-micron sized SiC particles) can show large increments of strength above polycrystalline alumina samples with equivalent grain size; any increase in strength is not accompanied by any significant increase in material toughness [1, 2, 3, 4] . A number of workers have proposed that the surface properties of alumina/SiC nanocomposites are the key to their enhanced strength, in particular near-surface in-plane compressive stresses introduced by surface finishing operations.
Recent work has found intriguing differences between the surface behaviour of alumina polycrystals and alumina/SiC nanocomposites. Sternitzke et al [5] first reported a quantitative difference in the sub-surface damage between alumina and alumina/SiC nanocomposites after grinding and polishing. Other studies also reported enhanced strength in these nanocomposites after surface grinding [1] and a much superior polished surface with suppressed grain pull-out [6, 7] . Wu et al showed [8] that grinding the surface of alumina/SiC nanocomposites with a coarse diamond grit wheel resulted in a 4-point bend strength of ~400 MPa, whereas similarly ground alumina specimens had a strength of ~300 MPa. The enhanced strength of the nanocomposites was shown to be associated with a large compressive surface stress induced by surface grinding, while such a magnitude of residual stress was not present in the alumina after identical surface treatment. A more detailed study of the surface stress state, and the sub-surface dislocation structure after deformation, found that the nanocomposite material showed a significantly greater dislocation density beneath ground and polished surfaces, compared to identically-treated polycrystalline alumina [9, 10, 11] .
In order to investigate further the influence of surface grinding on the mechanical behaviour of alumina and alumina/SiC nanocomposites, we have undertaken a study of the deformation around single point indentations and simple scratch grooves. Such surface deformation can be taken as a model for the processes occurring around individual grit particles during grinding.
The mechanisms of deformation around indentations in ceramics and brittle materials have been the subject of considerable research in the past. It is now generally accepted that even in highly brittle materials there is a region of plastic deformation immediately below the indentation [12] ; this is shown schematically in figure 1. During indentation an elastic stress field is generated, of radial compression and tangential tension, extending into the material outside the plastic zone, the magnitude of which decays with distance, r, from the centre of the plastic zone as 1/r 2 [13, 14] . The tensile components of this stress field can lead to the nucleation of radial and median cracks on loading. The magnitude of the residual elastic stress field after unloading varies as 1/r 3 from the contact point [14, 15] (though it may be influenced by the presence of the crack systems illustrated in figure 1 ). The residual stress field close to the surface has a tension component normal to the surface, which may lead to the nucleation of lateral cracks. For a sliding indentation, there is as yet no model that can completely describe the elastic plastic stress fields under the indenter. An extension of Yoffe's model of static indentation to sliding contacts has been reported [16] , though further validation is needed.
Conventional methods of residual stress measurement, e.g. X-ray diffraction or surface curvature changes, measure the residual stress averaged over a considerable region of material. In order to obtain a high resolution local picture of the residual stress state on the surface close to scratches and indentations, we have used the Cr 3+ fluorescence spectra obtained from natural concentrations of Cr impurities within alumina crystals. Grabner [17] first described the relationship found between the measured line shift in Cr 3+ fluorescence and the local stress state. Ma and Clarke developed this analysis for a more general case to relate the mean line shift to the local stress tensor [18] . They also presented an analysis of the broadening of the fluorescence peak to determine the mean stress distribution in an illuminated area. Thus, by using an optical microscope of sufficient resolution fitted with an appropriate spectrometer, it is possible to determine the surface stress within alumina specimens with a lateral spatial resolution of about 1 μm and over a sampled depth slightly greater than this [19] .
Experimental Procedure
The materials used in this study consist of a polycrystalline alumina (AKP53, Sumitomo Chemical Co., Tokyo, Japan) of mean grain size about 3 μm and an alumina/SiC nanocomposite with a matrix of the AKP53 alumina containing 1%, 5%, and 10% by volume α-SiC particles (UF 45, Lonza, Waldshut, Germany), with a mean particle diameter of 90 nm.
Processing conditions were chosen to ensure that the nanocomposite and polycrystalline alumina had equivalent mean grain size. The processing routes used have been described in detail elsewhere [3, 8] . All nanocomposite samples were hot pressed at 1650° C for 1 hour under a pressure of 20 MPa in argon. The alumina samples were hot pressed at 1500° C for 1 hour under same pressure. All nanocomposites and alumina ceramics achieved full density after fabrication.
The hot-pressed ceramic discs, with a thickness of about 5 mm, were ground with an epoxy resin bonded diamond wheel (grit size 150 μm) to remove the top surface on both sides, producing a final specimen thickness of about 3 mm. Specimens for indentation and scratch experiments were cut directly from the ground discs with a diamond saw and the ground surfaces were lapped and polished using a series of diamond grits of 25 μm, 8 μm, 3 μm and 1 μm grit size. Each step of the polishing sequence was performed for sufficient time to eliminate all surface damage induced by the previous polishing step. Full details of this surface finishing process have been presented elsewhere [8, 9] .
Single Point Indentation and Scratch Tests
All indentation and scratch tests were carried out on surfaces polished to a 1 μm diamond finish. A microindenter (Matsuzawa MHT1, Tokyo, Japan) was used to produce indentations on the surface of the alumina and alumina/silicon carbide nanocomposites using a square pyramid diamond with tip included angle of 136° (Vickers profile). Indentation loads in the range of 0.5 -10 N were used with a holding time of 15 s at maximum load for each indentation experiment.
Single-point scratch tests were carried out by traversing the specimens beneath a loaded conical diamond indenter (120° tip included angle) by means of an electric motor and gearbox driving a stage micrometer. The traverse speed was 0.05 mms -1 . The normal loads used were in the range 0.5 -10 N. The accuracy of the applied load is approximately ±0.02N; however, each test series was performed using the same arm balance conditions, hence within each test series the load on the specimens was identical.
Fluorescence spectra measurement
Cr 3+ fluorescence spectra were obtained using a Raman microprobe, Renashaw system 1000 (Renishaw, Wooton-under-Edge, UK), mounted on an optical microscope (Olympus BH2, Japan) and adapted for Cr 3+ fluorescence measurements, using the 632.8 nm red line of a 15 mW He-Ne laser with an intensity of about 1.0 mW. This level of laser beam intensity has been found to cause minimum shift in the wavenumbers of the fluorescence lines due to heating effects [19] . Measurements were made using a ×40 microscope objective lens with a numerical aperture of 0.65, which gives an approximate beam diameter on the specimen surface of about 2 μm. All of the calibrations and tests were carried out in a controlled environment at constant temperature of 22° ± 2° C.
For each measurement, a region of interest was selected using the optical microscope with white light and focused on to the top surface plane by adjusting the height of the sample stage.
A series of fluorescence measurements was carried out along the required directions in these Fracture surfaces of each material tested, assumed to be stress-free, were used as reference zeros for the peak shift. The fluorescence line position on the fracture surface was an average of 30 random measurements on both the alumina and the nanocomposite. Shifts shown at any position near the indentation or scratch are therefore taken as an indication of the residual stress level after deformation.
Analysis of fluorescence line shift and broadening
The Cr 3+ fluorescence measurements show significant levels of residual stress close to the scratches and indentations (see section 4). These residual stresses are caused by the superposition of stress fields from a number of independent mechanisms (where <σ> indicates a stress tensor):
i. <σ> ATE is caused by the influence of the anisotropic thermal expansion of the hexagonal α-alumina phase on the polycrystalline aggregate.
ii. <σ> MTE is the stress from the mismatch in thermal expansion coefficient between the alumina and SiC phases.
iii. <σ> DL represents the stress field around dislocations.
iv. <σ> MC represents the perturbations to the stress field introduced by the presence of microcracks.
v. <σ> LE is a large scale elastic stress.
The approach of Ma and Clarke [18] can be used to assess the contributions of these residual stresses to the shift and broadening of the fluorescence spectrum. For the purposes of this discussion we will consider alumina to be an elastically isotropic material. This assumption should be reasonable because despite its trigonal symmetry, α- 
where μ is the wavenumber of the fluorescence line and Π a and Π c are the piezospectroscopic coefficients in the basal plane and along the z-axis of the alumina respectively. Note that only the direct stresses σ xx , σ yy and σ zz contribute to the piezospectroscopic effect. Within an inhomogeneous stress field, the shift of the fluorescence peak can be calculated by integrating over all wavenumbers generated in the probed region:
and the corresponding peak broadening is hence
where w(Δ μ ) is a weighting function.
Given the relatively large volume of material illuminated, and the condition of stress equilibrium, we expect that the effect on the shift in the peak position of mechanisms i -iv to be negligible. Thus it is only the large scale elastic stress distribution that is expected to influence the shift in the fluorescence peak. The broadening of each spectrum is always compared with that of a presumed stress-free state of the same material obtained from a freshly fractured surface. Thus, the first two terms, <σ> ATE and <σ> MTE , can be excluded.
Any change in the broadening of the spectra can only come from stresses due to dislocations and subsurface cracks inside the probed volume. The weighting function in equation 4
determines the extent of broadening, which is in turn a representation of the range in magnitude of the internal residual stress distribution and its spatial extent referred to the scale of the illuminated volume. If there is a significant population of dislocations in the illuminated volume, the contribution from their stress fields will dominate the broadening relation; because of the far lower density of cracks, any stress concentration around the crack tips can make only a minor contribution.
In order to consider the influence of dislocation density on the broadening of the fluorescence signal, the stress field around each dislocation must be known. We approximate the elastic stress field around the dislocations to that of dislocations in a uniform, isotropic elastic medium. Since the shear stress terms do not contribute to the fluorescence shift, there can be no contribution to the shift or broadening from screw dislocations. The major stress components around a single edge dislocation in an elastically isotropic medium are as follows
where G is the shear modulus, b the Burgers vector, υ the Poisson's ratio; the axes x`, y` and z` define a reference frame with z` parallel to the dislocation line and b acting along the x` direction. For simplicity we take this as the stress distribution around dislocations in the α-alumina crystal structure. We make a further simplification and assume that all dislocations are of edge character and lie in the basal plane This is in keeping with our observations that although non-basal dislocations do exist in deformed alumina, basal plane dislocations dominate [22] . Hence, the shift of the fluorescence lines will be given by
Considering the stress field around a single dislocation in isolation, the weighting function is related to the volume of material contributing to a given spectral wavenumber, because the intensity of the fluorescence is determined solely by the concentration of Cr 3+ ions, which should be distributed homogeneously within the alumina. For a single dislocation, the relative contribution to the shift at each position is integrated over the volume between an inner and outer cut-off radius (r i and r o ), with the mean spectral shift contributed by each dislocation given by:
The broadening relation is thus: [23] . Using these data, the predicted line broadening as a function of dislocation density can be calculated and is presented in figure 2a .
Note that equation 10 assumes the fluorescence to come from a volume of material containing a constant dislocation density. During fluorescence measurements the signal originates from an illuminated volume determined by the collection optics of the system. Thus there is likely to be a non-constant density of dislocations within the illuminated volume and this will also influence the broadening of the fluorescence signal. Ma and Clarke [18] have determined the volume illuminated using a modified confocal microscope to be approximated by a twodimensional Gaussian function. In our instrument, with a focussed spot on the surface, the illuminated volume may be equivalent to half such a function. However, for simplicity in analysis we assume the illuminated volume to be represented by a cylinder of radius a and depth l. In an earlier study of residual stress in alumina and nanocomposites, it was assumed that the deformation that occurs after grinding and machining was concentrated in a zone of fixed depth, h, beneath the surface and that this zone had a constant dislocation density [9] .
Such a step function of dislocation density is very easy to model considering the weight function approach used in equation 4. In this case equation 10 is written
where f is the fraction of the illuminated volume that contains the surface region of constant dislocation density.
For our simplified model of a cylindrical illuminated volume, f = h/l. The physical meaning of equation (11) is that the broadening of the fluorescence is determined both by the depth of the deformed layer (if this is less than the illuminated depth) and by its dislocation density. Figure 2b indicates the inter-relation between the extent of peak broadening, dislocation density and thickness of the deformed zone. The simulation results show that the dislocation density is a significant contribution to the broadening of the fluorescence peak when the dislocation density in the illuminated volume is larger than ~10dislocation density larger than ~10 14 m -2 , the ratio of the depth of the deformed layer to that of the laser illumination has a significant influence on the broadening level. However, when the dislocation density is less than ~10 14 m -2 inside the deformed layer, the deformation depth has little influence on the peak broadening.
Experimental Results and Discussion
Typical In all specimens the measured line broadening is a maximum at the indentation or scratch centre and decays monotonically to the reference value over about 100 μm. The broadening is considerably greater in the nanocomposites than in the polycrystalline alumina.
A more complex behaviour is seen with the measured line shift, with different behaviour found in the alumina and nanocomposites. The shift is greater in the nanocomposites and so its trend with distance from the indentation centre is easier to determine. In the scratch ( figure 4b ) there is a minimum in the (negative) shift at the origin, rising to a maximum at 20 μm and decaying to zero over 100 -200 μm. The central region showing the minimum is approximately the extent of the physical scratch, which is about 14 μm as shown in figure 5 .
This behaviour is also seen around the indentation for the R1 shift (figure 3b) but the R2 shift appears to show a maximum at the origin. In both cases the distance from the centre for the decay to zero shift is slightly less than 100 μm. Curiously, the monolithic alumina specimens appear to show both positive and negative shifts (figures 3a and 4a) but of much lower magnitude than in the nanocomposites and with a spatial extent of 20 -30 μm, which is approximately the size of the indentation or scratch.
The average level of residual biaxial stress at a specified position across the contact impression can be determined from the magnitude of the shift of the fluorescence line using equation 2 [18] . By using He and Clarke's [23] calibration, the piezospectroscopic coefficient Π for line R1 is 2/3 of (2Π a +Π c ), i.e. 5.06 cm -1 /GPa for polycrystalline alumina. Table 1 shows the maximum biaxial compression stresses determined from the maximum shifts of the R1 line for alumina and the nanocomposites under different normal loads of indentation and scratching. For any given load, the maximum residual compressive stress in the alumina is no more than half of that measured in any of the nanocomposites; among the nanocomposites, no obvious differences are observed with variation in SiC content in the range 1% to 10%.
In earlier work [8] we studied the effects of surface damage on the minimum load to produce ring-cracking around Hertzian indentations in alumina and nanocomposites. These data can be used to estimate the surface residual stresses [24] . Data were analysed by calculating the effects of biaxially compressed surface layers of varying stress level and depth on the results of the Hertzian tests. It was assumed that this residual stress was generated by a high dislocation density generated by the grinding process. The best fit to the data was obtained with a residual stress of about 1500 MPa, which extended beneath the surface to a depth of 1 -10 μm (depending on grinding grit size) in the nanocomposites and for 0.1 -1 μm in alumina. This stress level is similar to the residual stress found in this study close to indentations and scratches on the nanocomposites, made with a 5 N or 10 N load, where we assume the depth of the dislocated layer to be greater than the penetration depth of the laser light.
For lower load scratches and indentations, we can make a similar hypothesis to that explored in [9] .The optical probe of the fluorescence microscope samples a fixed volume of material, thus if the plastic zone beneath the indenter is smaller than the sampled volume the mean compressive stress will be reduced compared to the case when the plastic zone fills the sample volume. This mechanism accounts for the apparent increase in residual stress with increasing load in the alumina specimens. It has been observed in previous work [9, 10] that dislocation nucleation is considerably easier in nanocomposite microstructures than in monolithic alumina. Hence we can reasonably hypothesise a larger plastic zone beneath the indenter in the nanocomposite samples, explaining the larger measured stresses in Table 1 and the fact that the stress saturates around the 1000 -1500 MPa level when, presumably, the depth of the plastic zone exceeds that of the sampled volume. The peak broadening data, measured as the maximum FWHM obtained from the centre of the indentation or scratch are given in Table 2 . As was found with the fluorescence line shift data in Table 1 , there is a significant difference between the behaviour of the alumina and Table 2 do not represent lower dislocation densities in the plastic zone, rather they represent the fact that the sampled volume contains both the plastic zone and a region of only elastic deformation. Although equation 11 relates peak broadening to the fraction of the sampled volume occupied by the plastic zone, without precisely knowing the shape of the illuminated volume and the spatial variation of intensity, it is impossible to quantify the depth of any dislocation containing layer. In a study using TEM cross-sections [9] , we have measured a maximum dislocated layer depth of about 4 μm under a single scratch generated with 1N normal load in alumina and about 7 μm for a similar scratch in a nanocomposite. This compares with a deformation zone depth of about 1 μm beneath a ground surface of alumina and 3-10 μm for a nanocomposite [9] . Our interpretations of the Cr 3+ fluorescence data reported here are thus consistent with these earlier studies of dislocations beneath indentation, scratches and ground surfaces.
Conclusions
Cr 3+ fluorescence spectra can be used to analyse residual stress distributions in polycrystalline We further conclude that our results are consistent with earlier observations by many workers that surface finishing by grinding or polishing is an important aspect of the anomalously high strength levels found with alumina/SiC nanocomposites [1, 5, 8, 9] and that their high strengths are associated with large surface residual compressive stresses resulting from a near-surface of plastically deformed region [9] [10] [11] . This plastically deformed layer is greater in depth for alumina/SiC nanocomposites than for polycrystalline alumina. Volume fractions of SiC as low as 1% are sufficient to produce this behaviour. 
